Introduction: Use of compatible abutments may increase micromovements between the abutments, and the inner part of the implant may increase the stress on marginal bone level. Also micromovement will change the volume of the inner space of the implant-abutment complex. The resulting pumping effect can transport even initially immobile microorganisms from the exterior to the interior and vice versa.
INTRODUCTION
Dental implant therapy has been widely accepted as a successful procedure used to replace missing teeth in order to restore masticatory function 1 in both partial 2 and complete 3 edentulous cases. It was particularly shown to be successful in single-tooth replacements for both the anterior and posterior regions of the jaws. [4] [5] [6] Most dental implant systems consist of two main parts: The implant body and the abutment. 7 During chewing and biting, the restoration and the implant abutment connection is disturbed by various
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physiological forces 8 , e.g., the amount of force applied on a single molar implant reaches 847 N for men and 595 N for women on average. 9 Single-tooth prosthetic components are subjected to a higher bending moment during functional loading. 10 For the majority of segmented implant systems, an implant-abutment assembly shows marginal discrepancies and microgaps at the implant-abutment interface. 11, 12 Microgaps at the implant-abutment interfaces can cause leakage 13, 14 as microorganisms can penetrate through gaps as small as 10 μm. 15 Moreover, as the implant shoulder is located at the alveolar bone crest level, the bone-implant interface is exposed to inflammation, 16 infection, 17, 18 and marginal bone loss. [18] [19] [20] [21] [22] Micromovement is defined as a movement of a tooth, prosthesis, or implant system component below 100 μm that is not observable or subject to measurement in vivo by ordinary means. 23 In most implant systems, the exchange of fluids, in both directions, takes place at the level of the marginal bone crest and is considered to be a factor for chronic inflammation and marginal bone loss. [18] [19] [20] [21] [22] Thus, during function and under occlusal loading, micromovement between abutment and implant will create a volumetric variation in the inner volume of the implant system. [24] [25] [26] Technical failure and bone resorption have been related to micromovements between abutments and implant body during dynamic load, 24, 27 while implant fractures have been reported [28] [29] [30] [31] as varying between 5 and 20%. 32 Interestingly, Zipprich, 32 in 2007, was able to measure the implant-abutment micromovement in an in vitro study while simulating clinical loading conditions. Implant-abutment connections were X-rayed during dynamic loading on an implant-supported simulated molar crown of the lower jaw, in order to obtain qualitative and quantitative recordings of any micromovements in real time. An implant-abutment connection stability is important for the success of the restoration and is affected by factors, such as component fit, fabrication accuracy, saliva contamination, and screw load. [10] [11] [12] [33] [34] [35] [36] [37] The design of abutment joints should be carefully matched with implant connection, since biomechanical assets depend on elements, such as materials, tolerance, connection design, and preload. 10, 24, [38] [39] [40] [41] [42] Regardless of several adverse mechanical complications that may occur even in cases where abutments and implants of a same brand have been used, such as increased incidence of abutment rotation [38] [39] [40] 43, 44 and screw loosening, 43-45 dental offices and/or dental laboratory have been accepting alternative solutions relating the use of nonoriginal or compatible abutments (i.e., abutments produced by a different manufacturer) in a strive to reduce expenses and the so-called overheads. The aim of this study was to evaluate the mechanical behavior of OsseoSpeed™ implants connected with original and compatible abutments in vitro under simulated clinical conditions, by measuring the size of width and length of the microgaps.
The null hypothesis of the study was that there is no modification in micromovements when using original or compatible abutments.
MATERIALS AND METHODS
Implant and Abutments
A total of 15 OsseoSpeed™ Tx implants (4 × 11 mm, Astra Tech Implant System™, Dentsply Implants, Mölndal, Sweden) were used in this study. The samples were divided into three groups (n = 5).
Three types of abutments were used in the study and were all compatible with Astra Tech Implant System™ having the same internal implant-abutment connection interface, a conical-hex connection with 11° angulations. In this study, all items were prefabricated and used as delivered by the different manufacturers.
In group I, five original Ti Design™ abutments (4.5 × 1.5 mm, Astra Tech Implant System™, Denstply Implants, Mölndal, Sweden) were respectively connected to an OsseoSpeed™ Tx implant. In groups II and III, five Natea™ abutments (4.6 × 2 mm, Euroteknika™ Groupe, Sallanches, France) and five Implanet™ abutments (4 × 1.5 mm, Derig LTDA, Sao Paolo, Brazil) were connected to the same type of implants.
Assembly of the Abutments and Load Arrangement
The abutments were connected to implants with a calibrated torque wrench Torsiometer 760 (Stahlwille  Group, Aluminum copings specially designed and fabricated were cemented to each abutment using autopolymerizing composites (3M Espe Nimetic™ Cern; Germany). The thread of each coping was sealed with a high-strength thread locker (Loctite 268, Henkel, Dusseldorf, Germany) to keep the force transfer position in the mastication simulator constant as seen in Figure 1 .
A specially designed mastication simulator was used to apply two-dimensional (2D) masticatory forces on implant-abutment connections. The overall force acting on the abutment was generated by two motors that were perpendicular to each other.
Simulating the human masticatory cycle in the posterior segment and by analogy with DIN 148017, the axial force vector was increased to a defined maximum (25, 50, 75 , 100, 125, 150, 175, and 200 N) and inclined 30° relative to the implant long axis. The force was introduced according to DIN 14801 at a distance of 8 mm from the implant shoulder as seen in Figure 2 .
Dynamic recording of micromovements by X-ray videos is seen in Figure 3 .
Source of X-ray and Radiograph Amplifier
The specimen was exposed to a constant and diverging X-ray to dynamically capture micromovements at the implant-superstructure connection (Phoenix X-ray system with a 160-kV tube, GE Sensing and Inspection Technologies GmbH Bogenstrasse 41, 22926 Ahrensburg, Germany).
A radiograph amplifier TH 9438 QX (Thales Group, Neuilly sur Seine, France) was used to convert the X-ray projection into a picture.
The X-ray, after entering the radiograph amplifier, meets an entrance of a fluorescent screen. Scintillation takes place, when the X-ray is converted into visible light. Directly behind the entrance to the fluorescence screen, a photocathode is present to set the electrons free through the arriving visible light. The electrons emitted by the photocathode are carried in an electrical field, starting from 60 keV potential differences, and bundled to a higher energy. Electrons, which are withdrawn from the radiograph amplifier, meet an output fluorescent screen, which exhibits a clearly smaller surface than the entrance screen. The electrons are made visible through the passage on the output screen. The amplification factor is indicated for this equipment at 200,000 light quanta per X-ray photon.
In addition, the very high image rate facilitates a smooth replay of the dynamic process in 40-fold slow motion. The pixel size was calibrated with a reference specimen for quantitative measurements of microgap widths and length. Automated pixel count surveyed microgaps in a window of width 4 μm.
High-speed Digital Camera
The radiograph amplifier follows a high-speed digital camera of the type Redlake Motion Pro ® HS-3 (Redlake, Pennsylvania, USA). This type of camera offers an integrated chargecoupled device sensor (load Couplet DEVICE sensor) that sends a digital signal proportional to the irradiated quantity of light to a computer. The digital camera used can achieve 1,000 pictures per second. By averaging each individual pixel, of several one behind the other noted pictures, the signal noise could be reduced. The number of pictures, which are charged with one another, is limited by the arising in-motion sharpness. The highest image quality was reached with the mean calculation of 11 successive pictures.
Evaluation
The load cycle determines the recording time of the camera. For the production of the X-ray video as "avi. file" with LabVIEW ® (National Instruments Cooperation, Texas, USA), 276 pictures were used after calculations. The visual evaluation of the frames and the provided X-ray videos were evaluated for an existing microgap between implant and abutment. Existing cyclic openings and closings of the microgap could be made visible as seen in Figure 4 . In order to measure the developed gap during and at its maximum load, a frame was determined. In this frame, each pixel inside the gap was counted. According to the resolution of the X-ray video, one pixel corresponds to 1.8 μm. Therefore, the exact size of the width and length of the microgaps was measured.
Statistical Analysis
Since the data distribution failed the normality test, Kruskal-Wallis test was used to compare the gap width (GW) and gap lenght (GL) between the five experimental groups at all the force levels. The level of significance was set at 0.05. When a significant difference was present, a Mann-Whitney post hoc test with a Bonferroni correction was used to detect which groups are significantly different from each other. Data were analyzed using the Statistical Package for Social Sciences (SPSS), version 21.0 (V7.0, IBM, Armonk, New York).
RESULTS
For the three groups, the dynamic behavior for implantabutment connections was studied under loading forces ranging between 25 and 200 N at 30° angle relative to the implant axis. The average results of the three groups in gap width and gap length are represented in Tables 1  and 2 . Before loading, no initial gap was observed in group I, while an initial gap was observed in groups II and III in four of the five samples with an average of 6.5 and 5 μm respectively. When forces of 25, 50, and 75 N were applied, no gap was observed in group I, while in group II, the gap length and gap width were both 5.2 ± 3.63 μm. In group III, at 25 and 50 N, both gap length and gap width remained at 4 ± 2.45 μm, while at 75 N the gap length was 4.8 ± 3.03 μm and the gap width 94 ± 125.3 μm.
At 100 N, group I showed a gap width of 1.2 ± 1.1 μm and a gap length of 24.4 ± 24.18 μm, while group II showed a gap width of 5.6 ± 2.97 μm and a gap length of 61.4 ± 122.3 μm and group III showed a gap width of 8 ± 4.69 μm and a gap length of 179.2 ± 141.1 μm. 
JCDP
In all three groups, gap length and gap width increased as the loading was increased to 125 and 150 N.
At 200 N, group I showed a gap width of 8.4 ± 1.67 μm and a gap length of 187.6 ± 43.6 μm, while group II had a gap width of 12.4 ± 3.29 μm and a gap length of 387.2 ± 84.36 μm and group III had a gap width of 22.8 ± 5.76 μm and gap length of 641.2 ± 122.6 μm.
DISCUSSION
The long-term success of implant prostheses is dependent on both biological and mechanical factors. In contrast to the high success rates of osseointegration (95-97%), mechanical complications are common in dental implantology. 32, 46, 47 For fixed restorations, mechanical complications, such as screw loosening and screw fracture have been reported to be as high as 44.9%. [47] [48] [49] [50] Prevention of micromovements between implantabutment is necessary in order to reduce inflammation and to reserve marginal bone at implant's neck connection. It still represents a major challenge for the design of two-stage implant systems, and factors, such as connection design, mechanical stability, precision of fit, and micromovement between components play crucial roles in maintaining marginal bone. Implant manufacturers aim to decrease the mobility of this connection by manufacturing of a substantially tight connection with a high precision at the submicrometer level. Nevertheless, high costs of such components lead dentists to use compatible and less expensive abutments.
The innovative evaluation method used in this study allowed for a quantitative measurement of the width and length gaps.
The results of the study led to the elimination of the null hypothesis tested, as there was a significant difference in micromovement between compatible and original abutments. The presence of an initial gap in groups II and III could be related to the reduced precision level and the quality control of materials used during the engineering process.
In group I, there were no micromovements detected between 25 and 75 N, while the microgap length reached was 5.2 ± 3.63 in group II and 94 ± 125.3 in group III at 75 N. At 100 N, the variation of micromovements between the three groups was statistically significant as it reached a variation of more than 250% between groups I and II and a variation of 400% between groups I and III. At 200 N, group I showed a gap width of 8.4 ± 1.67, while groups II and III showed a gap width of 12.4 ± 3.29 and 22.8 ± 5.76 respectively. It represented a variation of 48% between groups I and II and of 171% between groups I and III. For the gap length, a variation of 206% was reached between groups I and II and of 341% between groups I and III. The 200 N maximum load applied in this study was less than the reported data for maximum bite forces. 18 However, the results of the dynamic behavior showed a significant difference between compatible and original abutments. In a previous study concerning leakage evaluation at implant-abutment interface of the three groups, when the combination OsseoSpeed™ Tx -TiDesign™ is considered as a control, OsseoSpeed™ Tx-Implanet™ presents 1113 and 782%, while OsseoSpeed™-Natea™ presents 640 and 481% fold increase at 1 and 48 hours respectively. 48 The clinical incidence of mechanical complications varies among different implant systems. 39, 40, 43 Two factors associated with mechanical complications are joint stability and prosthetic fit. 49, 50 Several studies on the connection design of the implant-abutment connection have established a relationship between micromovements and marginal bone loss. 12, 15, 16, 19 The mismatch of the implant and the abutment surfaces can cause rapid stress, which ends up with loosening of screw, 45 microleakage, 13, 14, 48 and permanent offset. 22 Especially in single crowns, screw loosening is still the most frequently seen complication.
51,52
CONCLUSION
Within the limitations of this in vitro study and under the parameters used and from the resulting data collected, we can presume that the use of compatible abutment components with original Astra Tech implants showed significant micromovement when compared with the use of abutment and implant from the same manufacturer. Compatible abutments vary in the design of surfaces, dimensions, profile, and material and have showed higher micromovement values. The differences in design may be related to patent issues that do not permit exact replication of components and/or related to the precision level in the engineering process. Further investigations are needed to validate these findings to other systems and assess the differences after simulated clinical function.
